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We investigate the phase transition dynamics of a quasi-2D antiferromagnetic spin-1 Bose-Einstein
condensate from the easy-axis polar phase to the easy-plane polar phase, which is initiated by sud-
denly changing the sign of the quadratic Zeeman energy q. We observe the emergence and decay
of spin turbulence and the formation of half-quantum vortices (HQVs) in the quenched condensate.
The characteristic time and length scales of the turbulence generation dynamics are proportional
to |q|−1/2 as inherited from the dynamic instability of the initial state. In the evolution of the
spin turbulence, spin wave excitations develop from large to small length scales, suggesting a di-
rect energy cascade, and the spin population for the axial polar domains exhibit a nonexponential
decay. The final equilibrated condensate contains HQVs, and the number is found to increase and
saturate with increasing |q|. Our results demonstrate the time-space scaling properties of the phase
transition dynamics near the critical point and the peculiarities of the spin turbulence state of the
antiferromagnetic spinor condensate.
I. INTRODUCTION
The far-from-equilibrium dynamics of many-body
quantum systems is a challenging subject to study in
modern physics [1] and relevant to several areas from
cosmology [2] to condensed matter physics [3]. Ultracold
atomic gases provide a highly controllable platform for
studying many-body physics [4] and a quench protocol
is typically employed to explore nonequilibrium dynam-
ics [5], where a system is prepared in a well-defined ini-
tial state and then its evolution is precisely examined af-
ter the system’s Hamiltonian is rapidly changed. One of
the key topics in current research activities is quantum
phase transition dynamics, which addresses the impor-
tant question of how a many-body system evolves into a
newly ordered quantum state. Recently, it was theoreti-
cally proposed that scaling behavior occurs in the phase
transition dynamics near quantum critical points [6–11]
and the existence of scaling and universality was indeed
demonstrated in various experiments of quantum phase
transitions [12–15].
In this paper, we report on an experimental study
of a quantum phase transition of a quasi-2D antiferro-
magnetic spin-1 Bose-Einstein condensate (BEC). The
ground state of the antiferromagnetic BEC is a polar
state with 〈F〉 = 0, where F = (Fx, Fy, Fz) is the hy-
perfine spin operator of the atoms [16, 17]. The spin
state is parametrized with a unit vector ~d = (dx, dy, dz),
called a spin nematic director, such that the system is in
the |mF = 0〉 state for the quantization axis along ~d. In
an external magnetic field ~B (e.g., along the z direction),
an uniaxial spin anisotropy is imposed on the system due
to the quadratic Zeeman energy EZ = q〈F 2z 〉 = q(1− d2z)
and the BEC has two ground-state phases depending on
∗Electronic address: yishin@snu.ac.kr
the sign of q: the easy-axis polar (EAP) phase with ~d ‖ zˆ
for q > 0 and the easy-plane polar (EPP) phase with
~d ⊥ zˆ for q < 0. Here, we investigate the EAP-to-EPP
phase transition dynamics by preparing a quasi-2D BEC
with a uniform spin texture with ~d ‖ zˆ for positive q
[Fig. 1(a)] and then suddenly changing the sign of q to
negative. In the transition to the EPP phase, the contin-
uous spin-rotation symmetry in the xy plane is sponta-
neously broken and topological point defects, which are
half-quantum vortices (HQVs) in the EPP phase [18–
21], can be created in the spatially extended 2D system
[Fig. 1(b)].
The dynamic instability of the initial EAP state for
q < 0 was demonstrated in experiments with elongated
BECs [22, 23]. The Bogoliubov analysis of the EAP
state gives two degenerate magnon modes with energy
spectra of Ek =
√
(k + q)(k + q + 2c2n) [16], where
k = ~2k2/(2m) is the single-particle spectrum (m is the
atomic mass), c2 is the spin interaction coefficient, and
n is the atomic density. For small negative q such that
|q|  c2n, the magnon modes with k < kq ≡
√
2|q|m/~
have imaginary frequencies for E2k < 0, which means that
small fluctuations in the transverse magnetization would
be exponentially amplified in the EAP state. The dy-
namic instability rate is given by the maximum magni-
tude of the imaginary frequencies, Γq = 2|Ek=0|/~ ≈√
8|q|c2n/~. Thus, we can define the time and length
scales of tq = 2pi/Γq ∝ |q|−1/2 and lq = 1/kq ∝ |q|−1/2 to
characterize the instability of the initial EAP state after
the quench. The primary focus of this work is to deter-
mine how the intrinsic time-space scaling of the initial
state near the critical point at q = 0 is inherited and
transformed in the subsequent phase transition dynam-
ics.
We investigate the scaling properties of the phase tran-
sition dynamics by measuring the spin texture evolution
of the quenched BEC. We observe that spin turbulence
emerges, which is featured by an irregular spin texture in-
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FIG. 1: Phase transition from the easy-axis polar (EAP) phase to the easy-plane polar (EPP) phase of an antiferromagnetic
spin-1 Bose-Einstein condensate (BEC). (a) The spin nematic director ~d is initially aligned to the axial z direction and (b)
the phase transition to the EPP phase is triggered by a sudden change of the quadratic Zeeman energy, q. (c),(e) Absorption
images of the mz = 1, 0,−1 spin components after Stern-Gerlach (SG) spin separation and (d),(f) in-situ axial magnetization
images, Mz(x, y), for various hold times t after the quench to (c),(d) q/h = −5.4 Hz and (e),(f) −20 Hz. Half-quantum vortices
(HQVs) are identified with density-depleted holes in the SG images and their magnetized cores in the Mz image [20, 21].
volving both a spatially disordered pattern of ~d and ferro-
magnetic spin excitations. We show that the turbulence
generation dynamics are characterized by the time-space
scaling of ∼ |q|−1/2 predicted for the initial EAP state.
Furthermore, in the evolution of the spin turbulence, we
observe that its spatial structure develops from large to
small length scales, suggesting a direct energy cascade of
spin wave excitations, and that the spin population for
the axial polar domains exhibits a nonexponential decay.
Finally, we observe that HQVs are created in the phase
transition dynamics and find that the HQV number of
the final equilibriated sample increases and saturates as
|q| increases.
The paper is organized as follows. In Sec. II, we de-
scribe the experimental procedures for sample prepara-
tion and spin texture imaging. In Sec. III, we present
the characterization of the emergence and decay of spin
turbulence in the quenched BEC and discuss the scaling
properties of the phase transition dynamics. A summary
and outlook are provided in Sec. IV.
II. EXPERIMENTS
Our experiment begins by preparing a BEC of 23Na
atoms in the |F = 1,mF = 0〉 state [20]. The condensate
is confined in an optical potential with trapping frequen-
cies of (ωx, ωy, ωz) = 2pi × (3.8, 5.5, 400) Hz. The con-
densate contains N c ≈ 8.0× 106 atoms and its Thomas-
Fermi radii are (Rx, Ry, Rz) ≈ (232, 160, 2.2) µm. The
sample preparation is carried out in a magnetic field of
Bz = 0.5 G. Initially, the sample only has the mz = 0
spin component and its thermal fraction is less than 10%.
To initiate the transition dynamics to the EPP phase,
we first adiabatically ramp Bz to 33 mG for 0.2 s and
then, we suddenly turn on a microwave field to change the
quadratic Zeeman energy to a negative q value [24, 25].
The residual field gradient was measured to be less than
0.1 mG/cm.
In our experiment, q/h ranges from−1.4 Hz to−20 Hz.
The excitation energy of the initial state after the quench
is given by |q| with respect to the EPP ground state,
which is much smaller than the condensate chemical po-
tential µ = h × 880 Hz. Therefore, the subsequent evo-
lution of the condensate can be approximated as pure
spin dynamics, and does not involve density excitations.
For the peak atomic density, n, of the sample, the spin
interaction energy is c2n/h = 14 Hz [26] and the spin
healing length is ξs = ~/
√
2mc2n ≈ 4.0 µm. Because
the condensate thickness Rz is smaller than ξs, the spin
dynamics in the oblate condensate are effectively 2D.
The spin texture of the condensate is examined by tak-
ing an absorption image after the Stern-Gerlach (SG)
spin separation. After releasing the trapping potential,
we apply a magnetic field gradient pulse along the x di-
rection and let the three mz = 1, 0,−1 spin components
be spatially separated for a 24-ms time of flight. The im-
age reveals the density distributions of the individual spin
3components. The applied field gradient was slightly inho-
mogeneous and the expansions of the mz = ±1 spin com-
ponents are not perfectly identical. We used F = 1 imag-
ing and calibrated the absorption coefficients for each
spin component [27].
Spin-sensitive in-situ phase-contrast imaging is also
employed to obtain further information on the spatial
magnetization structure of the condensate [20]. The
probe beam frequency is tuned to give a signal propor-
tional to the axial magnetization, Mz, i.e., the density
difference of the mz = ±1 spin components. The contri-
bution of the mz = 0 spin component to the imaging sig-
nal is not significant and we interpret the phase-contrast
image as the axial magnetization distribution Mz(x, y) of
the condensate.
III. RESULTS
A. Emergence of spin turbulence
Figure 1 displays two image data sequences of the
quenched BEC for the two different q values of −5.4 Hz
and −20 Hz. After a short hold time, an irregular spin
texture begins to appear in the condensate. It is clearly
shown that the mz = ±1 components are spatially sepa-
rated from the mz = 0 component [Figs. 1(c) and 1(e)],
which results from the immiscibility of the mz = ±1
components with the mz = 0 component [28]. The spin
domains formed by an equal mixture of the mz = ±1
components have ~d ⊥ zˆ, where the azimuthal direction
of ~d is determined by the relative phase of the two spin
components. It is observed that the irregular spin tex-
ture first emerges in the center region of the condensate
and expands over the whole condensate. We attribute
this result to the inhomogeneous density distribution of
the trapped condensate because Γq ∝
√
n.
The appearance of an irregular spin texture is also ob-
served in the magnetization image [Figs. 1(d) and 1(f)].
In the spin-exchange process where two mz = 0 atoms
are scattered into a pair of mz = +1 and −1 atoms,
the quadratic Zeeman energy is converted into the ki-
netic energy of the mz = ±1 atoms, imparting opposite
momenta to the pair. Thus, spin currents are generated
in the mz = ±1 spin domains and axial magnetization
develops at the domain boundaries. The irregular struc-
ture in the Mz image constitutes an observation of spin
turbulence that has a complex spin current pattern.
As the hold time t increases, the mz = 0 spin compo-
nent is continuously depleted, and the spin texture be-
comes more complex. In particualr, the length scale of
the spin texture decreases, implying a direct energy cas-
cade in the spin turbulence. The condensate eventually
relaxes into the EPP phase with the mz = 0 component
vanising. In the final state, HQVs are observed as magne-
tized point defects in the Mz image [20] and are identified
with the density-depleted holes in the SG image.
300 ms
140 ms
200 ms
300 ms
500 ms
mz=1 mz=-1mz=0
FIG. 2: Spin wave excitations for q/h = −1.4 Hz. SG im-
ages (left) and in-situ magnetization images (right) for vari-
ous hold times. A ring-shaped oscillating spin texture appears
and shortly becomes dismantled.
It is apparent in the comparison between the two im-
age data sets in Fig. 1 for q/h = −5.4 Hz and −20 Hz
that when the system is closer to the critical point, the
time and length scales of the quench dynamics become
slower and larger, respectively, which is consistent with
the theoretical anticipation based on the dynamic in-
stability of the initial state. The length scale of the
spin texture becomes even larger with lower |q|. For
|q/h| < 2 Hz, we observed that the incipient spin tex-
ture shows a large ring-shaped pattern, which propagates
toward the boundary and shortly becomes dismantled
(Fig. 2). The ring-shaped pattern has the same ellip-
ticiy as the trapped condensate and we believe that it
corresponds to long-wavelength spin wave excitations in-
duced by the trapping geometry of the finite-size sam-
ple [29, 30].
B. Characterization of the quench dynamics
1. Time evolutions of η and δM2z
We first characterize the quench dynamics of the con-
densate by measuring the time evolutions of the frac-
tional population, η, of the mz = 0 component and
the magnetization variance, 〈δM2z 〉, of the spin texture
(Fig. 3). Here η = N c0/N
c and N c =
∑
iN
c
i , where N
c
i
is the mz = i atom number of the condensate (i = 1, 0,
and −1) and is determined from the SG absorption im-
age. The thermal cloud contribution is subtracted using
a Gaussian fit to the outer thermal wing. For the mea-
surement of 〈δM2z 〉, we set the central 206 µm× 206 µm
region of the condensate as the region of interest.
The quench evolution starts with a delayed, rapid de-
crease of η as expected from the exponential growth of
the dynamically unstable magnon modes. The early evo-
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FIG. 3: Temporal evolutions of (a) the fractional popula-
tion, η, of the mz = 0 spin component in the condensate and
(b) the magnetization variance, 〈δM2z 〉, for various q values.
Each data point was obtained by averaging about five mea-
surements and its error bar denotes the standard deviation of
the measurements. The dashed lines are guide lines for eyes.
The inset in (a) shows the time t1 for η(t1) = 0.8 as a function
of |q|. The solid line denotes a power-law fit to the data.
lution of η is described as η(t) = 1− b exp(−Γqt), where
b is a constant determined by the magnitude of the mag-
netization fluctuations in the system. In the inset of
Fig. 2(a), we display the time t1 measured for η(t1) = 0.8
as a function of |q|. A power-law fit to the experimental
data gives an exponent of −0.53±0.01, which is in quan-
titatively good agreement with the predicted scaling of
Γq ∼ |q|1/2. The measured t1 values give b ≈ 4.6× 10−6,
which is slightly higher than the value of b ≈ 3.3× 10−6
estimated for quantum fluctuations at our peak atomic
density [35], indicating thermal enhancement in the ex-
periment.
The rapid decay of η is halted at a certain threshold
value ηth and after a short loitering period of a few tens
of ms, η resumes its decay. As 〈δM2z 〉 rapidly increases
when η undergoes this change, it is reasonable to infer
that the condensate enters a qualitatively different phase
of the quench evolution, where the role of the generated
spin turbulence becomes significant. The threshold value
ηth monotonically increases from≈ 0.4 for q/h = −1.4 Hz
to ≈ 0.75 for q/h = −20 Hz [Fig. 6(c)].
The spin turbulence develops further with maximizing
〈δM2z 〉 and then gradually relaxes with decreasing 〈δM2z 〉.
After a long hold time, t > 5 s, the system is equilibrated
with η ' 0 and stationary 〈δM2z 〉. In our experiment, the
equilibrium value of 〈δM2z 〉 was insensitive to q because
the final sample temperature is mainly determined by
the heating from the microwave field dressing and the
evaporation cooling due to the finite trap depth. Note
that for q/h = −1.4 Hz, 〈δM2z 〉 monotonically increases
and saturates to the equilibrium value over time. At
the equilibrium, the thermal fraction was approximately
30% and the sample temperature was estimated to be
T ≈ 100 nK. kBT  |q| and the thermal cloud was an
equal mixture of the three spin components [31].
2. Power spectrum of axial magnetization
To investigate the spatial structure of the generated
spin turbulence, we measure the power spectrum of the
magnetization distribution, P (~k) = | ∫ dr2ei~k·~rMz(~r)|2.
In the measurement, a reference image was first obtained
by averaging over ten images that were taken for the
same experiment and we subtracted the reference image
from the individual images to remove systematic fringes
not related with the spin texture of the sample. Then,
the power spectrum P (~k) was obtained by averaging the
squared Fourier transforms of the subtracted images and
subtracting the photon shot noise level. We introduce a
relative spectrum P˜ (~k) = P (~k)/Peq(~k), where Peq(~k) is
the average spectrum of samples at thermal equilibrium
in the EPP phase. Because Peq is measured with the
same imaging system, the relative spectrum P˜ provides
spectral information free from the systematic modifica-
tions of the imaging system. For the determination of
the equilibrium spectrum Peq, we selected samples for
q/h = −1.4 Hz at t = 5 s, in particular, without HQVs
because HQVs can affect the spectrum due to their mag-
netized cores and the magnon excitations generated by
their collisional motions [21]. P˜ (~k) was isotropic and we
obtained a 1D spectrum, P˜ (k), by azimuthally averaging
it over |~k| = k.
Figures 4(a) and 4(b) show the evolution of P˜ (k) for
q/h = −10 Hz when 〈δM2z 〉 increases and decreases, re-
spectively. As observed in the visual examination of
Figs. 1(d) and 1(f), the P˜ measurement results show that
the spin turbulence develops from low to high wave num-
bers k, i.e., from large to small length scales [Fig. 4(a)].
When 〈δM2z 〉 decreases, the power spectrum decays to-
wards the equilibrium level, P˜eq = 1, where the spec-
tral strength subsides more rapidly in the lower-k region
[Fig. 4(b)]. Over the entire growth and decay evolution,
the spectral center-of-mass of P˜ (k) continues moving to-
wards high k, which suggests a direct energy cascade of
the spin wave excitations in the spin turbulence.
In Fig. 4(a), it is noted that when the spin turbulence
is generated, the spectral slope is formed in P˜ (k) and
propagates to the high-k regions in a self-similar manner.
In Fig. 4(c), we display P˜ (k) at the time when 〈δM2z 〉
is maximum for various q values and observe that the
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FIG. 4: Relative power spectra, P˜ (k), of the axial magneti-
zaion, Mz(x, y), of the quenched BEC. Evolution of P˜ (k) for
q/h = −10 Hz when 〈δM2z 〉 increases (a) and decreases (b)
[Fig. 3(b)]. (c) P˜ (k) at the time when 〈δM2z 〉 is maximum and
(d) at t = 5 s when the quenched BEC is thermally equili-
brated. The reference spectrum P˜ (k) = 1 was obtained from
the thermal equilibrium samples at T ≈ 100 nK, having no
HQVs (see text).
spectral slopes are almost identical, whereas the charac-
teristic wave number increases with increasing |q|. The
power-law scaling in the spin turbulence of antiferromag-
netic BECs was predicted by Fujimoto et al. [32, 33],
but further analysis of our experimental data is limited
by a lack of quantitative understanding of Peq(k). In
Ref. [34], Symes et al. calculated the static structure
factor of the antiferromagnetic BEC in the EPP phase
at low temperatures. However, our sample temperature
of kBT/(c2n) ≈ 150 is too high to be extrapolated from
their results.
In Fig. 4(d), we display P˜ (k) at a long hold time, t =
5 s, when the sample is thermally equilibrated. For high
|q|, the spectral strength in k ≤ 1/ξs is still noticeably
higher than the equilibrium level of P˜eq = 1. This result
is due to the presence of HQVs, which we confirmed by
correlating the deviation magnitude in the low-k region
with the HQV number (Fig. 7).
C. Scaling behavior
1. Spin turbulence generation
The spin turbulence generation is seeded by the am-
plification of the dynamically unstable magnon modes in
the initial EAP state, in which the characteristic time and
length scales are given by tq ∼ |q|−1/2 and lq ∼ |q|−1/2.
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(a) Evolution of 〈δM2z 〉 as a function of the rescaled time
t˜ ≡ t/tq with tq = h/
√
8|q|c2n. The vertical dotted line
denotes the time when η = 0.8 and the grey region indicates
the time window for 〈δM2z 〉 to be maximized. (c) Relative
spectra P˜ (k) with maximum 〈δM2z 〉 [Fig. 4(c)] as functions of
the rescaled wave number k˜ ≡ k/kq with kq =
√
2|q|m/~.
To examine the scaling properties of the subsequent de-
velopment of the spin turbulence, Fig. 5(a) displays the
time evolution data of 〈δM2z 〉 as functions of the rescaled
time t˜ ≡ t/tq. For all q, 〈δM2z 〉 begins its rapid in-
crease at t˜1 ≈ 1.7 and becomes maximized in the range
of 5 < t˜ < 10. In Fig. 5(b), we display the relative power
spectra P˜ (k) for the maximum 〈δM2z 〉 as functions of the
rescaled wave number k˜ ≡ k/kq. All the spectra col-
lapse into a single line for 1.5 < k˜ < 4. This observation
demonstrates that the length scale of the initial state,
lq ∼ |q|1/2, is preserved in the subsequent turbulence
generation dynamics.
2. Spin population relaxation
As the spin turbulence develops, η exhibits adifferent
decay behavior for η < ηth [Figs. 6(a) and 6(b)]. In
Fig. 6(d), we display the decay curves of η for various q
values as functions of td = t− t2, where t2 is the starting
time of the turbulence phase. η shows a nonexponential
decay, where the relative decay rate γ = − 1η dηdt decreases
as η decreases. In the turbulence phase, the mz = 0 spin
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q/h = −5.4 Hz and (b) −20 Hz, and the threshold values
ηth are indicated by the right arrows. (c) ηth versus |q|. (d)
Decay curves of η as functions of td = t − t2, where t2 is
the starting time of the turbulence phase. The inset shows
the same data with adjusted time offsets and the solid line
is a power-law fit to the data. (e) Relaxation of the thermal
clouds. The solid symbols denote the thermal fraction of the
sample and the open symbols denote the mz = 0 spin fraction
of the thermal cloud. Each data point is obtained by aver-
aging about five measurements and its error bar denotes the
standard deviation of the measurements.
component, being spatially separated from the mz = ±1
components, forms axial polar domains in the condensate
(Fig. 1). As the density of the mz = 0 atoms in the spin
domains is regulated by the condensate chemical poten-
tial, a local two-body decay process would result in the
constant decay of η, which cannot explain the observed
nonexponential decay. The inset of Fig. 6(d) shows a
log-log plot of the same data with adjusted time offsets.
The determination of the exponent from a power-law fit
to the data is not reliable due to its high sensitivity to
the time offsets.
In our experiments, the decay rate γ is found to be in-
sensitive to q, which is different from the general expec-
tation of higher γ for a higher excitation energy, |q|. It is
speculated that the small domain size for the high |q| pro-
portionally suppresses γ, or this result may be due to the
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FIG. 7: HQV number, Nv, versus |q|. Nv was measured
by counting density-depleted holes in the SG images of the
mz = ±1 spin components. Each data point is the average
of fifteen measurements for the same experiment and its er-
ror bars indicates the standard error of the mean. The blue
dashed line denotes a power-law fit to the data in the range
of |q|/h ≤ 10 Hz for t = 3 s.
high thermal energy of the system, kBT  |q| [36, 37].
In Fig. 6(e), the relaxation of the thermal cloud during
the turbulence phase is characterized. The mz = 0 spin
fraction of the thermal cloud relaxes within 0.2 s to the
equilibrium level of one third, and the thermal fraction of
the sample increases from ≈ 20% to ≈ 30%. The relax-
ation time is compatible to the value of 1/γ at the initial
decay but the decrease in γ does not correspond with
the increase of the sample temperature. The spin turbu-
lence relaxation dynamics including the coupling to the
thermal cloud [38] merits further investigation in future
experiment.
3. Creation of HQVs
At long hold times of t ≥ 3 s, when the mz = 0 spin
component nearly vanishes in the condensate, HQVs are
unambiguously identified with the density-depleted holes
in the SG images (Fig. 1). We measure the HQV num-
ber, Nv, and find that it increases with increasing |q|
and saturates for |q|/h > 10 Hz (Fig. 7). When the spa-
tial size of the spin domains in the quenched condensate
scales with lq, the number of point defects created in
the 2D system is expected to scale as Nv ∝ l−2q [39]. A
power-law fits to the data for t = 3 s in the range of
|q|/h ≤ 10 Hz gives an exponent of 1.0 ± 0.2, which is
consistent with the length scale, lq ∼ |q|1/2, observed in
P˜ (k). The saturation of Nv for high |q| might indicate
another length scale involved in the defect creation, such
as the spin healing length ξs [40], but we note that its
effect was absent in our measurements of P˜ (k). As HQVs
can be pair-annihilated in the turbulence relaxation pro-
cess, leading to a non-exponential decrease of Nv [41],
7the HQV number measured at long hold times may not
linearly reflect the initial Nv of the quenched BEC.
IV. SUMMARY AND OUTLOOK
We have investigated the phase transition dynamics of
quasi-2D antiferromagnetic spin-1 BECs quenched from
the EAP phase to the EPP phase. We observed the emer-
gence and decay of the spin turbulence in the quenched
condensate and presented the time and space scaling
properties of the phase transition dynamics near the
quantum critical point.
We can extend this work to a deeper quench regime
with |q| > 2c2n. In this case, the dynamic instabil-
ity of the initial EAP state is driven by the magnon
modes with finite wave numbers centered at kq =√
2m(|q| − c2n)/~ [42]. It would be of great interest to
examine how the energy injected at finite wave numbers
flows in the subsequent evolution of spin turbulence [43].
Because the length scale ∼ 1/kq becomes comparable to
and even smaller than the spin healing length ξs, it is
speculated that qualitatively different turbulence states
would emerge in this high |q| regime. Another extension
of this work is to study the effects of the quench rate
across the critical point [14, 40, 44]. In particular, the
power-law scaling of the HQV number after the quench
is reminiscent of the Kibble-Zurek (KZ) mechanism [45].
We note that in the mean-field theory, the EAP-to-EPP
phase transition is described as first-order; thus, the con-
ventional KZ mechanism, which involves a continuous
phase transition, cannot be applied directly to our sys-
tem. A generalization of the KZ mechanism could be
studied with this system.
The turbulence of the spinor BECs represents a unique
turbulence state where the mass and spin superflows
are entangled. Previous turbulence studies with spinor
BECs were mostly focused on the case with ferromag-
netic spin interactions both experimentally [46–49] and
theoretically [50–52]. Our work demonstrates the pecu-
liarities of the spin turbuelence in an antiferromagnetic
BEC, enabling a comparative study between the ferro-
magnetic and antiferromagnetic cases of the spin-1 BEC
system [32, 33].
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